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Abstract 
  Among current approaches for removing boron, chemical precipitation is widely used for treating wastewater that 
contain a high boron concentration. The need for heating and very large amounts of coagulant limits the efficiency of 
this method. Accordingly, this work developed a chemical oxo-preceipitation (COP) method, which uses hydrogen 
peroxide (H2O2) as the oxidant and barium hydroxide (Ba(OH)2) as the precipitant to improve considerably the 
chemical precipitation of wastewater with a high concentration of boron at room temperature. Under suitable conditions 
(pHi 9, mole ratio of H2O2/B = 2, and mole ratio of Ba/B = 0.8), boron can be efficiently removed from solution by 
forming amorphous precipitates of barium perborate. After four hours, amorphous barium perborate was transformed 
to a particular species with a crystalline phase. Consequently, the boron concentration was reduced from 1000 mg/L to 
2 mg/L in six hours. The results of XRD, Raman spectroscopy and ICP prove that a dinuclear perborate with double 
peroxo bridges constituted the crystalline precipitate whose chemical formula was found to be BaB2(O2)2(OH)4-n 
(OOH)n. 
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1. Introduction 
Boron is widely distributed in the environment, and it has been proven to be an essential micronutrient 
for living organisms, and especially plants [1]. However, elevated boron intake is harmful to humans, 
animals and plants [2, 3]. Thus, the World Health Organization (WHO) has established a guideline boron 
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level of 2.4 mg/L in drinking water [4]. Boron compounds are widely used in the manufacture of several 
products, including borosilicate glass, detergent, fertilizer, metallurgy, semiconductor and nuclear shielding 
[3, 5]. Taiwan is known to be one of the largest providers of a thin film transistor liquid crystal display 
(TFT-LCD) globally. The manufacture of polarizer, an essential component of TFT-LCD, uses boric acid 
as a cross-linking agent, and generates large amounts of wastewater that contain a high concentration of 
boron (820 mg/L) [6]. Hence, a more effective method for remediating and recovering boron from 
wastewater must be found. Chemical precipitation is an easy and cost-effective method that is most 
commonly adopted in industry to remove contaminants at high concentration from water [3, 7]. However, 
co-precipitation methods require severe conditions to achieve highly efficient boron removal, including the 
extensive use of coagulants (Ca(OH)2 combined with H2SO4 or H3PO4), a relatively high temperature (60-
130°C) and a high pH (11-13) [8, 9]. 
The authors have already developed a chemical oxo-precipitation (COP) method for remediating 
wastewater that contains concentrated boron at room temperature [10]. COP uses hydrogen hydroxide to 
transform boric acid to perborates and an alkaline earth metal salt as a coagulant to precipitate the 
amorphous metal borate. Among alkaline earth metal salts, barium salt was the most effective, and reduced 
the boron level from 1000 mg/L to under 50 mg/L within 30 minutes. In this study, COP was carried out 
for 12 hoursġto evaluate the effect of reaction time on the removal of boric acid and the species of boron 
precipitates. 
 
2. Materials and method 
A batch experiment that involved COP was carried out in a 1 L beaker at room temperature for 12 hours. 
A 23 g mass Ba(OH)2·6H2O (Panreac, 97%) was dissolved in 500 mL of deionized water in a jar-test at 150 
rpm. Then, 500 ml of synthetic wastewater that contained 1984 mg/L of boron was prepared by adding 
B(OH)3 (J. T. Baker, ≥99.5%) and 15.3 mL of 35 wt.% H2O2 to a barium solution to yield H2O2/B and Ba/B 
in mole ratios of 2 and 0.8, respectively. The initial pH of the solution was adjusted to 9 by adding HCl 
(Shimakya, 32%). During jar-test experiments, 10 ml of a solution of precipitates was withdrawn and 
filtered through a 0.45 um filter at two-hour intervals. The concentration of boron and barium in filtrates 
was determined by ICP-OES (JY 2000-2, HORIDA). The crystalġstructure and functional groups in the 
collected precipitates were verified by XRD (Rigaku, RX III) and Raman microscopy (DRX, Thermo 
Scintific) using a 780 nm laser after the precipitates had been dried at 60°C for one day. 
 
3. Results and discussion 
According to the research on the reaction of hydrogen peroxide and borate, various species of perborate 
are formed at pH 8-12 [11, 12]. In this work, the initial pH was 9. As presented in Fig. 1a, the boron level 
varied greatly with the reaction time. The boron concentration was reduced from 992 mg/L to 3 mg/L in six 
hours, and to less than 2.4 mg/L in eight hours; the latter value has never been reached in earlier studies of 
boron precipitation. Figure 1b plots the relationship between barium concentration and pH. Both pH and 
barium level raised markedly for two to six hours because barium hydroxide dissolved with the precipitation 
of barium perborate, leaving about 3.4% of barium hydroxide undissolved in the blank experiment, in which 
carbon dioxide was excluded by purging with nitrogen to prevent the formation of BaCO3. The long-term 
reaction at relatively high pH caused the carbon dioxide to dissolve continuously in the solution. Hence, the 
pH and barium concentration therefore fell simultaneously with the formation of BaCO3 after six hours. 
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Fig. 1. The variation in (a) boron concentration; (b) barium concentration and pH during the COP. ([B]0 = 992 mg/LˈH2O2/B = 2ˈ
Ba/B = 0.8.) 
Figure 2 shows the XRD patterns of the precipitates at particular intervals. Notably, the precipitates are 
amorphous from 15 minutes to two hours, and became crystals with apparent diffraction peaks after four 
hours. However, these precipitates, with high crystallinity, could not be identified using International Centre 
for Diffraction Data (ICDD), indicating that they have never been studied. Figures 3a and 3b display the 
Raman spectra of amorphous and crystalline precipitates. The bands at 874 cm-1 and 743 cm-1 in both Fig. 
3a and 3b correspond to νsym(O-O(OOH)) of the peroxy group at the end of perborate and νsym(B-O(OH)) 
of metaborate, respectively [13]. The bands that are observed only in Fig. 3b, at 984 cm-1, 934 cm-1 and 711 
cm-1 , are associated with νsym(B-O), νsym(O-O) and νasym(B2(O2)2) of the dinuclear perborate with double 
peroxo bridges [13, 14]. Hence, the chemical structure of perborate in amorphous precipitates differs greatly  
from that in crystalline precipitates; the former is B(OH)4-m(OOH)m-, while the latter is B2(OO)2(OH)4-n 
(OOH)n2-., the Ba/B mole ratio in both amorphous and crystalline precipitates was confirmed to be 0.5 by 
composition analysis. In summary, the amorphous precipitate and the crystalline precipitate were 
Ba(B(OH)4-m (OOH)m)2 and BaB2(OO)2(OH)4-n(OOH)n, respectively. The crystalline precipitate was less 
soluble than the amorphous precipitate, so the phase transformation of the precipitate reduced the boron 
level in solution. The recovery of well crystallized barium perborate on a specific time scale reveals that 
COP is more sustainable than present processes for removing boron. Future work will elucidate the capacity 
of COP to treat synthetic water that contains various type of ions with the goal of making COP a feasible 
method for treating real wastewater. 
 
 
Fig. 2. XRD patterns of the collected precipitate of various reaction time. 
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Fig. 3. Raman spectra of (a) amorphous precipitate collected at 2 hours and (b) crystalline precipitate collected at 12 hours 
4. Conclusions 
The COP method using H2O2 and Ba(OH)2 was very effective in removing boron at room temperature. 
In this study, reaction time substantially affected the efficiency of COP. The amorphous precipitate 
Ba(B(OH)4-m(OOH)m)2, which formed initially, was transformed into a crystalline precipitate 
BaB2(OO)2(OH)4-n(OOH)n after a reaction time of four hours. Accordingly, the boron concentration was 
reduced from 1000 mg/L to 3 mg/L after six hours due to the low solubility of the crystalline precipitants. 
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